A selected and standardized set of bi-parentally inherited autosomal markers, so called short tandem repeats (STRs) or microsatellites, has become the Golden Standard in human identity testing, including forensic DNA analysis (1) . Compound STR genotypes are collected as repeat number codes ("DNA profiles") in criminal DNA databases in many countries, providing powerful tools for more effective law enforcement. The uni-parentally inherited markers are usually applied to cases where autosomal STR profiles cannot be obtained because of technical constraints or do not provide unequivocal answers (for example, when profiles overlap in mixed stain analysis). They are sex-specific inherited markers; that is, those from the nonrecombining part of the human Y chromosome (NRY) transferred through the male germline (females do not normally carry Y chromosomes) and markers from the human mitochondrial genome transferred through the female germline (human sperm cells do not normally transmit mitochondrial DNA). Both parts of our genome are inherited in the absence of homologous recombination and thus are unchanged from one male (NRY-DNA) or female (mtDNA) generation to the next, as illustrated in Figure 1 , unless mutations occur.
The recombination-free inheritance of uni-parental markers provides advantages as well as disadvantages in their applications to human identification testing including forensic analysis. A clear advantage of NRY markers is their male-specificity. DNA analysis of material from cases of sexual assault is often complicated by mixed stains that contain high ratios of female victim DNA but low ratios of male perpetrator DNA, resulting in the problem of preferential amplification of the excess female DNA during PCR and potential profile overlap when using autosomal STRs. Both problems can in principle be overcome by specifically analyzing the male DNA component with NRY markers (Figure 2 ). The suitability of NRY markers for male identification in rape cases has been demonstrated in numerous cases (2, 3) , including those with low or no sperm count due to the NRY detection from male epithelial cells (4) . Autosomal STR analysis can be especially problematic in sexual assault cases with multiple male perpetrators, but those cases can be solved using NRY markers that can differentiate between male lineages. Clearly, the presence of any NRY marker in a DNA sample indicates the male sex of the sample donor. However, since the absence of NRY markers does not necessarily mean that the donor is a female, because of potential experimental failure, a DNA-based sex test was developed that includes markers from the amelogenin gene (5) . The human amelogenin gene exists in two copies on the NRY and the X chromosome with a clearly detectable length difference (5) , and is part of most commercially available kits for human identification. Unfortunately, the amelogenin test is not error-free: in those Y-chromosomal deletions that include the amelogenin gene, such males wrongly appear as females in the outcomes of such DNA tests (6) . Though such deletions appear to be rare (7), they do exist in increased frequency in certain populations (8, 9) .
Advantages of both types of uniparental markers are also found in family testing for solving deficiency cases where putative fathers or mothers are not available for DNA analysis; the unavailable male or female can be replaced by any male or female relative in the analysis of NRY or mtDNA markers, respectively. Such applications can also include historic cases, as long as living paternal or maternal descendents are available. Prominent examples are the identification of the skeletons of Czar Nicholas II of Russia and his family using (in part) mtDNA (10, 11) , and the likely paternity of Thomas Jefferson of Eston Hemmings Jefferson, son of Jefferson's slave Sally Hemmings, using NRY markers (12) . In the same way that uni-parental markers are used for family testing, they can be applied to identify missing persons using putative paternal or maternal relatives as reference samples (see also below) (13) .
One important advantage of mtDNA is that it occurs in high copy number from some hundreds up to thousands of copies per human cell depending on the cell type (compared with two copies of each autosome per cell and one copy of the Y chromosome per male cell). This molecular feature increases the probability that sufficiently intact mtDNA survives post-mortem degradation processes and also supplies high amounts of mtDNA from low amounts of biological material. These are clear advantages for forensic DNA analysis where often the amount of material is highly limited and frequently involves degraded samples. Therefore mtDNA often provides the key information in human identity testing from old remains (such as bones, teeth, hairs) (14, 15) . It is even possible to obtain authentic mtDNA sequences from ancient remains of many thousands years of age (16) . Consequently, mtDNA is often applied to identify victims of mass disasters such as the World Trade Center disaster (17) or victims of wars such as the Vietnam War (18) or World War II (19) , using living putative maternal relatives for comparison.
The major disadvantage of uniparental markers is that NRY/mtDNA profiles are usually not individualspecific, resulting in a lack of discrimination capacity, for example, when compared with autosomal STRs. In both immediate and extended families, all male members share the same Y chromosome, and all female members share the same mtDNA genome, unless rare mutations occur. The lack of individual identification explains why NRY/mtDNA profiles are not collected in criminal DNA databases, although they are collected in population databases to obtain haplotype frequencies needed for statistical interpretations (see section below on interpretation). Consequently, if NRY and/or mtDNA analyses are used solely in a human identification case (for example, because of limited success with autosomal STR markers), further investigation is necessary to determine whether any of the maternal (mtDNA evidence) or paternal male (NRY-DNA evidence) relatives might be involved. However, the same feature of uni-parental markers can also be advantageous in dragnet/mass screening approaches (20, 21) . For instance, a mass screening conducted in Poland using NRY markers to identify a murderer was finally successful because the NRY profile of the perpetrator's brother, who volunteered in the screening, matched that from the crime scene, while the autosomal STR profile only matched in 9 out of 10 markers. Subsequent DNA testing of his brother (who did not participate in the mass screening) contributed toward the identification of the true perpetrator by matching NRY and autosomal STR profiles (21) . The use of uni-parental markers in voluntary-based mass screenings is controversial because legislation in many countries provides the right to refuse to testify against relatives.
Markers and Interpretations
Different types of uni-parental markers are used for different purposes within human identity testing and forensic DNA analysis (Table 1) . Usually, hypervariable haplotypes are constructed from several NRY or mtDNA markers, respectively, and compared between a suspect of a crime and a crime scene sample (forensic scenario) or between a putative paternal or maternal relative and the remains from a missing person (for example, in mass disasters). For mtDNA, usually the DNA sequence of the hypervariable region I (HVR1; sometimes together with HVR2) of the noncoding control region is analyzed because it contains a large proportion of the overall mtDNA genome diversity. Haplotypes are then constructed from the variable sequence positions in relation to the standard Cambridge reference sequence (22, 23) . Occasionally, selected sets of single nucleotide polymorphisms (SNPs) within HVR1 and HVR2 are analyzed to reduce the amount of work (24) ; however, this usually provides less information. More recently, coding SNPs outside the control region are analyzed mostly for establishing evolutionary stable mtDNA haplogroups to increase lineage discrimination but also to obtain geographic information (see section on future perspectives) (25, 26) . For NRY markers, a selected set of 9-17 (rarely more) Y-chromosomal STRs (Y-STRs) and resulting haplotypes are used to characterize male lineages (Table 1) . Usually obtained lineage resolution is high but additional YSTRs are needed and are also available (27, 28) when distantly related lineages are involved (29) or when applied to populations that underwent strong bottlenecks in their history (30) . More recently, Y-chromosomal SNPs (Y-SNPs) are additionally used to establish stable NRY haplogroups that can be used to further increase male lineage discrimination and also for geographic inferences (see section on future perspectives). Rarely, other NRY markers are applied to forensic DNA testing such as the NRY minisatellite MSY1 (31). Most information Evidence from NRY and mtDNA is quite clear in excluding a person in the identity test by revealing non-matching haplotypes, although the mutation rates of the markers used need to be considered when observing highly similar haplotypes. Data interpretation is less clear when it comes to matching haplotypes. The most conservative way of interpreting matching NRY/mtDNA haplotypes is that a person (and all of his/her paternal/maternal relatives) cannot be excluded from identity, for example, having donated a crime scene sample (32) . For many judges such statements will not provide sufficient information and they require statistical evidence on how likely it is that the sample was donated by the suspect (or any of his paternal or maternal relatives) versus any unrelated individual from the population. Such likelihood estimation is straightforward for unlinked autosomal markers, where single locus allele frequencies can be multiplied to receive the overall matching probability. In contrast, NRY and mtDNA markers are all linked, respectively, and therefore complete haplotype frequencies are required for probability estimations. In principle, such haplotype frequencies can be obtained from population databases such as the quality-controlled and constantly growing Y-chromosome Haplotype Reference Database (YHRD) for Y-STR haplotypes (33) or the European DNA Profiling Group mtDNA Population Database (EMPOP) for mtDNA sequence haplotypes (34) ( Table 1) . Although those databases were established with the goal to provide haplotype frequencies for forensic purposes of human identification, their design is focused on unrelated individuals. This does not reflect the situation in real populations where the frequency of paternal and maternal lineages is determined by the number of both close and distant paternal and maternal relatives living in the region (which is expected to be large especially in rural isolated areas). Until now there was no study investigating this database bias, which leads some experts to conclude that the information from such databases shall only be considered qualitatively (32) . Those experts that expect the database bias to be less severe argue for the quantitative use. Two ways of estimating haplotype frequencies were suggested, without consensus, so far: the counting method (35, 36) or the surveying method (37) .
Typing Technologies
The choice of typing technologies for uni-parental markers in forensic DNA analysis is largely determined by the availability of automated capillary sequencers routinely used for autosomal STRs genotyping and not necessarily driven by the most appropriate technology available. MtDNA is mostly analyzed via fluorescence-based dideoxy (Sanger) sequencing, and sometimes via pyrosequencing (38) . More recent technical developments, for example, using electrospray-ionization mass spectrometry (39, 40) or specific sequencing-array technology (41), will show if time and resource-intensive direct sequencing will be replaced by more effective methods to verify mtDNA base composition in future forensic analysis. Although usually less informative, mtDNA variation is sometimes approached via multiplex analysis of SNPs with various typing technologies, often using available DNA capillary sequencers, from classical PCR-RFLP (42) to frequently used SNaPshot technology based on primer extension or minisequencing (43) . Rarely, more sophisticated array-based technologies are applied for multiplex mtDNA SNP analysis (44, 45) .
Y-STRs are usually typed via fluorescence-based multiplex fragment length analysis (as are their autosomal counterparts) (1), today for the most part using commercially available reaction kits (46) (47) (48) . Future technological developments may show if this standardized STR typing technology will be replaced by other methods such as liquid chromatography-electrospray ionization mass spectrometry (49) . Y-SNPs in forensic DNA analysis are now typically analyzed via multiplex SNaPshot technology (50) . More rarely other technologies are applied, such as minisequencing on microarrays (51), MALDI-TOF mass spectrometry (52), NanoChip microarrays (53), probe hybridization (54), or others. In principle, any SNP typing technology can be applied to NRY/mtDNA SNP analysis for purposes of human identification, depending on available DNA quality and quantity. Future developments in DNA sequencing technology (so called "next generation sequencing Review technologies") will reveal if sequence analysis of entire mtDNA genomes or Y chromosomes will be feasible for forensic analysis and will add significant information to the current approach of marker typing and/or fragment sequencing.
Future Perspectives
An additional advantage of NRY/mtDNA markers is that both genomic components have an effective population size smaller than that of autosomal markers. This makes uniparental markers more prone to genetic drift, which can result in higher genetic differences between geographic regions. For NRY markers this is often accompanied by cultural effects, namely the patrilocal residence pattern whereby sons stay at the location where they are born and women move to the place of their husband's family after marriage. Most human societies are patrilocal, which further increases NRY diversity over geographic distance, hence increasing genetic differentiation of geographic groups. This makes mtDNA and especially NRY markers highly suitable for the identification of the geographic origin of a person, that is, his/her maternal and paternal ancestors. Geographic information is becoming increasingly useful in forensic genetics as an investigative tool for tracing unknown persons in forensic cases without suspects or for missing person identification (55) , and this additional application of uni-parental markers is expected to increase in the future. Numerous NRY and mtDNA SNPs are available to characterize stable haplogroups with restricted continental distributions, and some exist that can differentiate within continental regions, especially from the NRY (45, (55) (56) (57) (58) (59) . However, it should be kept in mind that NRY/mtDNA tests only reveal the geographic origin of the paternal and maternal ancestors of a person, which are different in children from parents of different geographic origins. For example, sons of a European father and an African mother will carry a European Y chromosome and an African mtDNA. Therefore, to reveal a person's geographic origin with a high degree of accuracy, ancestryinformative markers from NRY and mtDNA should be combined with those from autosomal DNA (60) .
One future application of NRY markers might be in the genetic prediction of a person's surname. NRY markers can be expected to be correlated with surnames in patrilineal human societies since both are transmitted through the male line, but only in cases of single surname origin together with true paternity across the entire family history and the absence of NRY mutations. Co-ancestry of Y chromosomes and rare surnames has been demonstrated recently in a UKbased study (61) and also is expected for other patrilineal societies.
We can also expect that sizes and composition of NRY/mtDNA population frequency databases will further increase. This is important to get more reliable haplotype frequency estimates. 
